Packaging the mouse mammary tumor virus (MMTV) genomic RNA (gRNA) requires the entire 5ʹ untranslated region (UTR) in conjunction with the first 120 nucleotides of the gag gene. This region includes several palindromic (pal) sequence(s) and stable stem loops (SLs). Among these, stem loop 4 (SL4) adopts a bifurcated structure consisting of three stems, two apical loops, and an internal loop. Pal II, located in one of the apical loops, mediates gRNA dimerization, a process intricately linked to packaging. We thus hypothesized that the bifurcated SL4 structure could constitute the major gRNA packaging determinant. To test this hypothesis, the two apical loops and the flanking sequences forming the bifurcated SL4 were individually mutated. These mutations all had deleterious effects on gRNA packaging and propagation. Next, single and compensatory mutants were designed to destabilize then recreate the bifurcated SL4 structure. A structure-function analysis using bioinformatics predictions and RNA chemical probing revealed that mutations that led to the loss of the SL4 bifurcated structure abrogated RNA packaging and propagation, while compensatory mutations that recreated the native SL4 structure restored RNA packaging and propagation to wild type levels. Altogether, our results demonstrate that SL4 constitutes the principal packaging determinant of MMTV gRNA. Our findings further suggest that SL4 acts as a structural switch that can not only differentiate between RNA for translation versus packaging/dimerization, but its location also allows differentiation between spliced and unspliced RNAs during gRNA encapsidation.
Introduction
The mouse mammary tumor virus (MMTV) is a rodent betaretrovirus that causes breast cancer in mice [1] . Although studied extensively, little is known about the molecular mechanism of genomic RNA (gRNA) packaging of this oncogenic retrovirus that has been proposed to be reclassified as a complex retrovirus [2, 3] . In all retroviruses (irrespective of their simple or complex nature), sequences that are essential for gRNA packaging, termed 'packaging determinants and/or psi (Ψ)', reside within the 5ʹ end of the viral genome, and more precisely within the 5ʹ untranslated region (5ʹUTR) and the 5ʹ end of the gag gene. Accordingly, an early study suggested that MMTV harbors sequences responsible for gRNA packaging at the 5ʹ end of its genome [4] . Packaging signals in other retroviruses have been shown to fold into higher order structures comprising of various structural motifs [5] [6] [7] [8] [9] [10] [11] [12] [13] . For example, a welldefined 5ʹ region of the murine leukemia virus (MLV) and some other retroviruses has been found to be required as well as sufficient for gRNA packaging, since inclusion of these sequences in heterologous non-retroviral RNAs facilitates the packaging of these 'foreign' RNAs into viral particles [14] [15] [16] [17] . Furthermore, it is the presence of these structural motifs that explains the phenomena of co-and cross-packaging among retroviruses that have no relationship to each other [11] . For example, it has been long observed that specificity of packaging can be exchanged in many retroviruses by the substitution of packaging signals that have no sequence homology [16] [17] [18] [19] [20] [21] [22] . Therefore, retroviral gRNA packaging process must involve recognition of packaging sequences at the secondary/tertiary structure level(s) rather than only at the sequence level. However, the precise nature and significance of these structural motifs during the packaging process remains largely unclear. The case of MMTV is not that different. We have recently shown that the entire 5ʹ UTR and the first 120 nt of gag are required for efficient MMTV gRNA packaging and propagation [23, 24] . Furthermore, these sequences were predicted to fold into higher order structures comprising of several structural motifs, which were validated by SHAPE (selective 2ʹ-hydroxyl acylation analyzed by primer extension [25] .
A distinguishing feature of the SHAPE-validated structure of the MMTV packaging signal RNA is the presence of a bifurcated stem loop 4 (SL4) containing a palindromic sequence (pal II; 5ʹ CUGCAG 3ʹ) and a 9 nt stretch (5ʹGGAGAAGAG 3ʹ) of single-stranded purines (ssPurines) in adjacent apical loops [25] . Both pal II and ssPurines are phylogenetically conserved in eight different strains of MMTV at the sequence as well as the secondary structural levels [25] . Pal II (5ʹ CUGCAG 3ʹ) has been shown to act as the dimerization initiation site (DIS) for MMTV gRNA from amongst four other palindromes within the 5ʹ UTR of the viral genome [25] . The presence of a stretch of purines in the packaging sequences on retroviral gRNA has been proposed to facilitate RNA packaging by functioning as a potential NC binding site [26] [27] [28] [29] [30] [31] . It is also interesting to note that the positioning of the purine-rich loop in MMTV adjacent to the pal II loop is reminiscent of the situation found in Mason-Pfizer monkey virus (MPMV) [32, 33] . In the case of MPMV, genetic and structure-prediction analyses have suggested that either ssPurines or its partially-repeated base-paired sequence in an adjacent region plays a crucial role in gRNA packaging, possibly by functioning as a NC binding site [32, 33] . Therefore, it is reasonable to propose that the bifurcated SL4 structure in MMTV functions as a major dimerization and packaging determinant during MMTV gRNA packaging process with pal II initiating the process of dimerization and ssPurines facilitating the encapsidation of the dimerized RNA into the virus particles by functioning as a potential Gag binding site.
The role of the sequences as well as the higher order structure of the MMTV SL4 region have not been tested genetically, although they offer a logical and perhaps mechanistic explanation for their central role in MMTV gRNA dimerization and packaging [24, 25] . Therefore, to establish the biological significance of the sequences and structural components of SL4 and to further provide functional evidence for the role of pal II and ssPurines in MMTV RNA packaging, a series of mutations were introduced that included deletions, substitutions, and compensatory mutations in SL4. These mutations were tested employing a biologically relevant MMTV-based three plasmid trans complementation assay [23] to determine their direct effects on the packaging and propagation of MMTV transfer vector RNAs, and finally structure-function relationship of these mutations was established using mFold predictions and SHAPE experiments. Our results show that the bifurcated nature of SL4 structure as well as the sequence of its two apical loops are required for MMTV gRNA packaging and propagation.
Results

Experimental design
Mutations in SL4 were introduced into a sub-genomic MMTV transfer vector, DA024, that expresses the wild type or mutant RNAs. The potential of these RNAs to be packaged by virus particles was tested by using a 3-plasmid trans complementation assay developed earlier to study MMTV packaging and propagation [23] [24] [25] . In this assay, infectious, pseudotyped, virus particles were created by expression of the MMTV gag/ pol and vesicular stomatitis virus (VSV-G) env genes from two independent plasmids, while the transfer vector described above provided the wild type or mutant substrates for RNA packaging (Supplemental Fig. 1 ).
Nuclear export of the RNA substrates was monitored by analysis of the relative amounts of transfer vector RNA in the cytoplasmic fractions using a custom-designed qPCR assay [24, 25] . In parallel, the virus particles isolated from the transfected cultures were used to: i) measure the gRNA content in the virus particles by RT-qPCR, and ii) infect target cell line HeLaT4, resulting in the transduction of these cells with the marker hygromycin resistance gene (propagation of the packaged RNA), as described previously [23] [24] [25] . The number of hygromycin resistant (Hyg r ) colonies obtained should be directly proportional to the amount of RNA packaged into the virus particles, providing an indirect estimate of RNA packaging, given that packaged RNA is successfully reverse transcribed and integrated. Thus, this in vivo packaging and propagation assay allowed us to quantify the effects of the mutations in the SL4 region on RNA packaging and propagation without any ambiguity since the defective nature of the virions produced limited the assay to a single round of replication [23] [24] [25] .
The region between the mSD and gag AUG is important for MMTV RNA packaging and vector RNA propagation
To determine the biological importance of sequences encompassing SL4 or its structure in MMTV genomic RNA packaging, we initiated our investigations with a set of broad deletion and substitution mutations in the region between the MMTV major splice donor (mSD) and the Gag AUG (Supplemental Fig. 2A ). Being downstream of the mSD, this region should be present exclusively in the unspliced gRNA which is destined to be packaged into nascent virions and yet be part of SL4, as highlighted in the hSHAPE-validated structure of the MMTV 5ʹ mRNA (Supplemental Fig. 2A and B ).
RNAs were isolated from both the cytoplasmic fraction of co-transfected 293T cells and concentrated virus particles to determine cytoplasmic RNA export and relative RNA packaging efficiency (RPE) into the virus particles. After ensuring that the RNA samples were devoid of contaminating DNA (Supplemental Fig. 2C ), cDNAs were prepared and tested by PCR to ensure that the cytoplasmic fractions were devoid unspliced β-actin mRNA, an mRNA that should not be transported to the cytoplasm (Supplemental Fig. 2C ). This was followed by estimation of the RPE of the transfer vector RNA using the previously-validated custom-made RT-qPCR assay [24, 25] . The RPE of the vector RNA was calculated by normalizing the expression of the packaged vector RNA to their cytoplasmic RNA expression (the cytoplasmic RNA expression was further normalized to the transfection efficiency), and the results were plotted relative to the packaging of the wild type (WT) vector, DA024 (brown bars in Supplemental Fig. 2D ). As can be seen, none of the mutant vector RNAs could be effectively packaged into MMTV virions despite the fact that most of the mutant vector RNAs were expressed within 2-2.5-folds of the wild type levels in the cytoplasm (blue bars in Supplemental Fig. 2D ). The severe defect in vector RNA packaging was further confirmed by a corresponding defect in vector RNA propagation, as assessed by a complete lack of hygromycin-resistant colonies (CFU/ml; green bars in Supplemental Fig. 2D ), further corroborating the inability of the mutant vector RNAs to be packaged into MMTV virus particles. The RNA packaging and propagation results reported here (Supplemental Fig. 2D ) as well as in subsequent experiments were obtained by pooling the results from multiple independent experiments in which each sample was quantitated in triplicates. These data indicate that the region between the mSD and Gag AUG is critical for vector RNA packaging and propagation.
2.3. The sequence of the two apical loops of the bifurcated SL4 structure is critical for MMTV RNA packaging and propagation
To further interrogate the structure of SL4, another set of mutations targeting sub-regions of SL4 was introduced into DA024 (WT) to determine whether it is a particular sequence within SL4 or the whole SL4 structure that is critical for MMTV gRNA packaging. These mutations were designed to either destabilize the SL4 structure or change the sequence within different motifs of SL4 without affecting structure (Figure 1(a,b) ). SL4-09 and SL4-010 were designed to destabilize the structure of SL4 by introducing a 3-nucleotide deletion in stem I or the internal loop joining stems I and II together (Figure 1(b) ). SL4-11 was designed to substitute three nucleotides in the 5ʹ part of the internal loop (AUA to UCU) and thus maintain the size of the loop. This substitution should further test whether this region could possibly serve as a binding site for Gag (purines are potential NC binding sites) or another protein important for RNA packaging. SL4-12 and SL4-13 were designed to delete either the pal II or ssPurines apical loops, respectively, while in SL4-14 ssPurines were substituted by pyrimidines (Figure 1(a,b) ). These mutants were tested along with SA042P in which the whole pal II stem loop was deleted [25] . This mutant has previously been shown to be defective for MMTV vector RNA packaging and propagation [25] and was used as a reference to determine the effect of the other mutations introduced in this study. Sequence and structure-specific deletion and substitution mutations within SL4 and their effect on MMTV RNA packaging and propagation. A) Names and description of the mutations tested in the sub-genomic MMTV transfer vector, DA024, context. The expected effect of the mutation on SL4 structure is described in the table. B) Location of the deletion (Δ) or substitution mutation made displayed on the structure of SL4. Boxed regions show the precise location of the nucleotides changed. SA042P is a deletion mutant (deleted region is highlighted by the box) that has been tested previously [25] . C) PCR amplifications of the DNase-treated cytoplasmic (panel I) and viral (panel II) RNAs using virus-specific primers. Panel III shows amplification conducted on the cDNAs obtained from cytoplasmic RNAs using primers that amplify unspliced β-actin mRNA. Multiplex amplifications were conducted in the presence of primers/competimer for 18S ribosomal RNA. Panel IV shows RT-PCR of cytoplasmic cDNA using primers that amplify spliced β-actin mRNA. Owing to the large number of samples, gels have been spliced together as indicated by vertical white spaces in different panels to create part C for clarity. D) Cytoplasmic expression and relative packaging efficiency (RPE) of transfer vector RNAs, and hygromycin-resistance (Hyg r ) colony forming unit per ml (CFU/ml) for mutant transfer vector RNAs relative to the wild type DA024 construct. CFU/ml expressed for each mutant was normalized to the luciferase expression observed in the transfected cultures. The histograms represent data from multiple independent experiments (±SD). The RPE for each mutant was determined by dividing the packaged mutant viral RNA values by the luciferase-normalized cytoplasmic expression of the respective mutant (to take into account the varying transfection efficiencies). Finally, the results of RNA packaging of all the mutants were presented relative to the wild type (WT, DA024) construct.
Mutants SL4-09 to SL4-14 and SA042P along with wild type DA024 were tested in the in vivo packaging and propagation assay. Figure 1 (c) illustrates the appropriate controls for these mutants (DNase treatment of RNA samples, nucleocytoplasmic RNA fractionation control, and presence of amplifiable cDNA), imperative for establishing the packaging and propagation potential of these mutant RNAs. Test of their packaging potential indicated that mutants SL4-09 and SL4-10 with the 3-nucleotide deletions in either stem I or the internal loop were severely defective for RNA packaging (a decrease of 30-50 folds compared to the wild type (DA024; P value <0.001)). Restoring the internal loop with a heterologous 3-nucleotide substitution (AUA to UCU) in SL4-11 resulted in partial restoration of packaging efficiency to about 20% (a 5-fold reduction compared to wild type, a difference which was statistically significant ( Figure 1(d) ; P value <0.019). However, deletion of the pal II apical loop in SL4-12 or ssPurines apical loop in SL4-13, severely abrogated RNA packaging (by 50-folds in SL4-12, P value <0.001 and~17-folds in SL4-13; P value <0.001). Changing the nature of ssPurines to pyrimidines in SL4-14 also abrogated RNA packaging, and RPE was decreased by >30-folds; P value <0.001) compared to the wild type (DA024). SA042P continued to show the severe packaging defect observed earlier [25] , which in fact was more severe than any of the mutants tested in this series. The propagation efficiencies of the mutant RNAs varied, but in concordance with their respective RPEs (Figure 1 (d)), confirming the RT-qPCR results. Thus, SL4-09, SL4-10, SL4-12, SL4-13, and SL4-14 were defective for vector RNA propagation, while SL4-11 with a mutation designed to maintain the size of the internal loop while changing its sequence, was partially packaged (~20%) and showed a 4-fold reduction in vector RNA propagation compared to wild type (P value <0.026; Figure 2(d) ). Together, these results reveal that not only the structure of SL4 is important for RNA packaging and propagation, but specific sequences such as ssPurines, pal II, and to a lesser extent the internal loop within this structure, are also important for the packaging and propagation processes during MMTV life cycle.
Stem I of the bifurcated SL4 structure is important for MMTV RNA packaging and propagation
In the next series of mutants, three sets of paired mutants were tested in which the first clone contained mutations designed to Figure 2 . Stem I destabilizing deletion and corresponding compensatory substitution mutations and their effects on MMTV RNA packaging and propagation. A) Names and description of the mutations tested in the sub-genomic MMTV transfer vector, DA024, context. The expected effect of the mutation on SL4 structure is described in the table. B) Location of the deletion or substitution mutation made displayed on the structure of SL4. Boxed regions show the precise location of the nucleotides changed. C) PCR amplifications of the DNase-treated cytoplasmic (panel I) and viral (panel II) RNAs using virus-specific primers. Panel III shows amplification conducted on the cDNAs obtained from cytoplasmic RNAs using primers that amplify unspliced β-actin mRNA. Multiplex amplifications were conducted in the presence of primers/competimer for 18S ribosomal RNA. Panel IV shows RT-PCR of cytoplasmic cDNA using primers that amplify spliced β-actin mRNA. Owing to the large number of samples, gels have been spliced together as indicated by vertical white spaces in different panels to create part C for clarity. D) Cytoplasmic expression and relative packaging efficiency (RPE) of transfer vector RNAs, and hygromycin-resistance (Hyg r ) colony forming unit per ml (CFU/ml) for mutant transfer vector RNAs relative to the wild type DA024 construct. CFU/ml expressed for each mutant was normalized to the luciferase expression observed in the transfected cultures. The histograms represent data from multiple independent experiments (±SD). The RPE for each mutant was determined by dividing the packaged mutant viral RNA values by the luciferase-normalized cytoplasmic expression of the respective mutant (to take into account the varying transfection efficiencies). Finally, the results of RNA packaging of all the mutants were presented relative to the wild type (WT, DA024) construct.
destabilize stem I of SL4, while the corresponding paired mutant harbored an additional compensatory mutation expected to recreate the stem, but using heterologous sequences. Thus, in SL4-15, six of the 9-nucleotides of stem I (nucleotides 298-303) were substituted by flipping the sequence. The compensatory mutation was performed on the opposite side of stem I (nucleotides 250-255), generating SL4-16 ( Figure 2(a,b) ). In SL4-17, the lower part of stem I was targeted and the two Gs (298-299) were substituted with Us, while in SL4-18, the complementary Cs (254-255) were converted to As. These two GC pairs seemed to hold the whole SL4 structure together and our hypothesis was that lowering their free energy may result in destabilization of the whole structure despite the complementary nature of the compensatory mutations. In the third mutant pair, this relationship was investigated further by mutating only G299 to A in SL4-19, followed by a compensatory U254 substitution on the other side of the stem in SL4-20.
The relevant controls for this set of mutations are depicted in Figure 2 (c). As expected, test of the packaging potential of SL4-14 and SL4-15 indicated that packaging was essentially abrogated by the substitution of 6 nucleotides in one arm of stem I in SL4-15 ( Figure 2(d) ). Moreover, introduction of the compensatory mutations on the opposite arm of the stem in SL4-16 restored the packaging to in fact better than the wild type levels (Figure 2(d) ). When the two GGs (298-299) in stem I were mutated in SL4-17, they also resulted in a complete abrogation of RNA packaging. Interestingly, as predicted, conversion of the two G-C pairs to A-U pairs in mutant SL4-18 was unable to restore packaging to the wild type levels, though partial restoration (~20%) was observed (a 5-fold reduction compared to wild type; P value < 0.004; Figure 2(d) ). Finally, when only G299 was substituted with A to destabilize the stem, packaging was disrupted in SL4-19, and restoration of the base-pairing with a compensatory mutation (U254) in SL4-20 restored packaging to the wild type levels (Figure 2(d) ). In addition, propagation data closely paralleled packaging data for all mutants. These results show that despite the presence of important cis-acting sequences in SL4, such as pal II and ssPurines, the overall structure of SL4 was as important for efficient RNA packaging and viral propagation.
Structure-function analysis
To determine the effect of the introduced mutations on the secondary structure of the MMTV packaging signal RNA, the relevant sequences of the mutant vector RNAs starting from R to 120 nts within gag were folded using the MFold program that uses energy minimization to predict the energetically most stable structures [34, 35] . Comparison of the mutant RNA structures SL4-01 to SL4-08 predicted by MFold with that of the wild type DA024 RNA revealed that in most cases, the structure of SL4 with its bifurcated stem loop was disrupted except in SL4-06 (Supplemental Fig. 3 ). In these cases, the ssPurines were base-paired with other sequences, while the pal II stem loop was largely intact except in the case of SL4-07 where both ssPurines and pal II sequences were basepaired with other RNA regions (Supplemental Figure 3) . The disruption of SL4 structure in these cases correlated well with the abrogation of packaging observed in these mutants (Supplemental Figs. 2D and 3) . The only exception was SL4-06, which was as defective in packaging as the other mutants even though the native structure of SL4 was predicted to be maintained (Supplemental Figs. 2D and 3) . In order to address this inconsistency, the 2D structure of mutant SL4-06 RNA was studied by hSHAPE. Our experimental data showed that the substitutions introduced in this mutant prevented the formation of the wild-type bifurcated structure of SL4 (Figure 3) . The native stem-loops II and III were observed, but an additional one was also present, and moreover, the internal loop was larger than in wild type DA024 RNA structure (Figure 3) . Our experimental structural probing thus confirmed that disruption of the wild type bifurcated SL4 structure abolished RNA packaging, even if the pal II and ssPurines sequences were present and exposed in apical loops.
2.6. The two apical loops within SL4 are important cis-acting single-stranded RNA elements in the RNA packaging process
Functional analysis of the second set of mutants revealed that deletion of the three nucleotides (298-300) on the 5ʹ side of stem I in SL4-09 or 3-nucleotides (256-258) in the internal loop in SL4-10 both resulted in a complete loss of packaging ( Figure 1 ). For mutant SL4-09, this phenotype was in agreement with the complete loss of the SL4 structure predicted by mFold in which both the ssPurines and pal II stem loops were found to be base-paired with other sequences (Figures 1(d)  and 4) . However, for mutant SL4-10, the hSHAPE experiments were in disagreement with the mFold prediction. While pal II and ssPurine sequences were predicted to be base-paired in this RNA, our hSHAPE data indicated that the two apical loops and the remaining half internal loop were highly reactive, indicative of a bifurcated structure with a shortened internal loop (Figure 3) . Moreover, this structure with pal II and ssPurine in apical loops is in keeping with our gRNA dimerization data, which showed SL4-10 RNA dimerized as efficiently as the wild type (DA024) (Supplemental Fig. 4) . We would expect that this RNA would be unable to dimerize if the pal II sequence was base-paired as in the structure predicted by mFold. Thus, our SHAPE data indicate that the size of the SL4 internal loop or/and the geometry of this junction are important for biological activity, perhaps acting as a binding site for viral or cellular proteins necessary for RNA encapsidation.
In mutant SL4-11, substitution of three nucleotides (AUA) of the internal loop with heterologous nucleotides (UCU) was tested. The mFold structure prediction was confirmed by hSHAPE experiments and indicated that the substitution did not affect the structure, which was undistinguishable from the wild type structure ( Figures 3 and 4) ; however, packaging efficiency of this mutant decreased by 75% compared to the wild type (DA024) but not dimerization ( Supplementary  Fig. 4) , suggesting that the sequence of the internal loop is important but not absolutely necessary, for either RNA-RNA or RNA-protein interactions and consequently for packaging.
Deletion of the apical loop of the pal II stem loop in SL4-12 resulted in a complete loss of packaging which corresponded to a complete loss of SL4 structure (Figures 1  (d) and 4) . Consistent with this, our previously published observations demonstrated that the deletion of pal II stem loop in totality (SA042P) also led to a complete loss of SL4 structure [25] and a corresponding loss of packaging (Figures 1(d) and 4) . Interestingly, substitution of pal II sequences with HIV-1 pal containing additional purines (SA047P) did not restore RNA packaging and propagation, but was found to be competent for RNA dimerization [25] . These results reveal that the primary sequence of this loop is important for MMTV RNA packaging and suggests that pal II apical loop is involved in RNA-protein interactions during genome encapsidation in addition to dimerization. Similarly, either deletion of ssPurines or their substitution with pyrimidines in SL4-13 and SL4-14 mutants respectively, resulted in a loss of packaging despite folding of a SL4-like structure predicted by mFold and validated by hSHAPE experiments (Figure 1(d), 3, and 4) . In SL4-13, the 9 nt deletion of ssPurines resulted in a loop consisting of four nucleotides from stem III comprising of two purines and two pyrimidines (Figures 3 and 4) . In SL4-14 on the other hand, the ssPurines apical loop was essentially replaced by a ssPyrimidine loop (see yellow highlighted loop in Figure 4 ). Despite the conservation of the SL4 bifurcated structure in these mutants, and their ability to dimerize as efficiently as the wild type RNA (Supplemental Fig. 4) , packaging was essentially lost, revealing the critical role of the ssPurine sequences in the RNA packaging process.
The central stem (I) is important for holding the SL4 bifurcation together
Structure-function analysis of the last set of mutants confirmed the observations made earlier that the unique bifurcated structure of SL4 is critical for function; in particular, the central stem I that holds the two bifurcated stem loops together is critical for the stability of the overall RNA secondary structure and consequently its function. This includes its ability to allow proper dimerization (employing pal II as DIS) and packaging of the dimeric genomic RNA into nascent virus particles [25] . In these set of mutants (SL4-15 to SL4-20), SL4 structure destabilizing mutations were introduced in stem I followed by compensatory mutations on the other arm of the stem to restore the structure without affecting the sequence of the two apical SL4 loops (pal II and ssPurines). The mFold prediction and the hSHAPE analysis of the SL4-15 mutant revealed that indeed the bifurcated structure of SL4 had been compromised by the destabilizing mutation, correlating well with the loss of RNA packaging (Figures 2(d) , 5, and 6). The subsequent compensatory mutation in SL4-16 restored both the structure as well as RNA packaging using heterologous sequences (Figures 2(d) , 5, and 6). This was not the case with the second set of mutants (SL4-17 and SL4-18) in which the destabilizing mutant (SL4-17) did result in a loss of SL4 structure and corresponding RNA packaging, but the compensatory mutant (SL4-18) was unable Figure 3 . hSHAPE-validated structure of the SL4 domain in wild type and selected mutant transfer vector RNAs. hSHAPE experiments were performed in triplicate on in vitro transcribed RNA corresponding to nucleotides 1-713 of the wild type (DA024) and mutant (SL4-06, SL4-10, SL4-11, SL4-13 and SL4-14) transfer vectors. hSHAPE reactivity data (Supplemental Table 2 ) were introduced as constrains in the RNAstructure folding software (version 5.3; 40). For the sake of clarity, only the SL4 domain of the resulting structures was drawn using the Assemble graphical tool [69] and presented here. The hSHAPE reactivity values from 0 to 2 or greater are indicated by a linear color scale from green to red. WT: wild type.
to restore either structure or RNA packaging (Figures 2  (d) and 5) . Actually, the hSHAPE experiments performed on these two mutants indicated that, as expected, the bifurcated structure was not conserved in SL4-17, but contrary to the predictions, the compensatory mutation introduced in SL4-18 only allowed the formation of stemloop III with ssPurines in the loop, but not stem-loop II with the pal II loop (Figure 6 ). Consistent with basepairing of pal II within a stem, dimerization of these mutant RNAs was strongly affected compared to the wild type ( Supplemental Fig. 4) . Energetically, it can be argued that replacing two strong G-C base pairs by two U-A base pairs at such a critical point where the central stem is bifurcating into two stem loops should reduce the strength of the bonds holding the structure together. This indeed had been predicted and observed. The last set of mutants confirmed this assertion since substitution of G299 for A in mutant SL4-19 led to the loss of the bifurcated SL4 structure (Figures 5 and 6 ) and the concomitant loss of function (Figure 2(d) ), whereas introducing the complementary substitution of C254 by U in mutant SL4-20 (only the more distal G-C pair is changed with A-U, while maintaining the G-C pair proximal to the internal loop) resulted in a complete restoration of structure as well as function (Figures 2(d) , 5, and 6).
Discussion
Work presented in this study shows that the bifurcated SL4 structure within the 5ʹ end of the MMTV genome is a key element for the packaging of MMTV gRNA, bringing two important single-stranded cis-acting elements of the viral genome together, DIS and ssPurines. Deletion of sequences immediately downstream of the DIS and ssPurines resulted in a complete abrogation of RNA packaging and propagation in mutants SL4-01 to SL4-08 despite the actual presence of these cis-acting sequences important for MMTV RNA packaging ( Supplementary Fig. 2 ). These mutations resulted in a loss of the SL4 structure in all the mutants tested ( Supplementary  Fig. 3 and Figure 3) , suggesting that the secondary structure of the SL4 region is important for MMTV RNA packaging. However, this could be due to the artifact of the introduced mutations since destabilization of secondary RNA structures at times can result in misfolding of hairpin structures, leading to aberrant phenotypes not associated with the RNA structure per se. Such erroneous effects have been previously reported with partial deletions of HIV-1 TAR that have included effect of TAR on RNA dimerization, packaging, and polyadenylation [36] [37] [38] . Therefore, we went on to introduce two sets of more directed single and multiple nucleotide changes targeting the stems and loops of the SHAPE-validated structure of SL4 to determine whether their effect on MMTV RNA packaging was consistent (Figures 1 and 2) .
The importance of the bifurcated structure of SL4 for MMTV RNA packaging and propagation is supported by the analysis of SL4-09 mutant as well as the analysis of paired mutations that either destabilized the stem I of SL4 or recreated it by compensatory mutations without affecting the sequence of DIS or ssPurines (SL4-15 to 20) (Figures 1 and 2 ). Further interrogation of the sub-regions of SL4 revealed that the size, and to a lesser extent, the sequence of the internal loop or/and the exact geometry of the three-stem junction are important factors for RNA packaging and propagation (Figures 1 and 2) . Indeed, mutants SL4-06 and SL4-10 in which stem-loops II and III are maintained together by a larger (SL4-06) or a smaller (SL4-10) internal loop lost their activity (Supplementary Fig. 3 ; Figures 3-4) . The sequence as well as the single-stranded loop nature of ssPurines is critical for the packaging potential of MMTV since its direct deletion or substitution still resulted in a complete loss of RNA packaging potential (mutants SL4-13 and SL4-14) even when the bifurcated structure was maintained (Figures 1, 3, and 4) . The data presented in this study cannot conclude on the importance of the pal II sequence by its own since its deletion always led to the loss of the SL4 bifurcated structure ( Figures 1 and 4) ; however, our previous study clearly demonstrates the importance of both the sequence of pal II and its single-stranded character [25] . Also, although we observed good correlation between our packaging and propagation data, one cannot exclude that the propagation defects may partially result from other defective step(s), such as reverse transcription or integration, in addition to defective packaging.
The presence of a stretch of purines in the packaging sequences on retroviral gRNA has been proposed to facilitate RNA packaging by functioning as a potential NC binding site [27] [28] [29] 31] . The specificity for gRNA during packaging, thus, has been ascribed to high-affinity interactions between the NC domain of Gag and the packaging signal [5] [6] [7] [8] [9] [10] [11] [12] [13] . We have made a similar observation in the case of MPMV, where genetic and structure-prediction analyses have suggested that either ssPurines (Region A) or its partially repeated but base-paired sequence (Region B) plays a crucial role in gRNA packaging, possibly by functioning as a NC binding site [32, 33] .
The significance of the SL4 structure to RNA packaging is highlighted by the observation that even a one nucleotide Figure 5 . Predicted effect of destabilizing and compensatory mutations on MMTV RNA packaging signal structure. MFold structural predictions of the 5′ end of the MMTV RNA containing destabilizing deletion and compensatory substitution mutations in SL4. Fuchsia color highlights the single-stranded purines (ssPurines) within SL4 structure, while peacock blue highlights the palindrome II (pal II) sequences that form the dimerization initiation site (DIS) in MMTV, respectively. The dashed circle highlights SL4 in the various wild type and mutant structures. WT: wild type; RPE: Relative Packaging Efficiency of transfer vector RNAs; CFU/ml: Colony Forming Unit per ml. mutation in a destabilizing region of the structure, a G299 to A mutation at the base of stem I in SL4-19, was sufficient to disrupt the structure of SL4 and its subsequent RNA packaging and propagation despite the presence of intact ssPurines and pal II (Figures 2, 5, and 6 ). This was evidenced by the fact that RNA packaging could be restored by a corresponding compensatory mutation (C254 to U mutation) on the other arm of the stem in SL4-20. The effect of the one nucleotide SL4-19 mutation was as drastic as the six-nucleotide stem mutation in SL4-15, that could also be balanced by a compensatory mutation on the opposite arm of the stem in SL4-16 (Figures 2, 5, and 6 ). Furthermore, we should also point out that the distal G299 in SL4-19 may be less important than the G298 proximal to the internal loop that was also mutated along with the distal G in SL4-17 ( Figure 2 ). This assertion is made since G299 was substituted along with the compensatory mutations in two clones SL4-16 (along with other sequences in this case) and SL4-20 (on its own), and in both cases these mutants restored RNA packaging, but this was not the case when the proximal base-pair was restored in SL4-18. Only partial packaging was restored in this mutant, suggesting that this G-C base pair is critical in holding the whole SL4 structure together, as indicated by our hSHAPE experiments ( Figure 6 ).
Work presented in this study also clarifies how MMTV may specifically select the gRNA for encapsidation; i.e., deletion of short sequences between the major splicing donor (mSD) and start codon of Gag completely abolished RNA packaging, even though the cis-acting packaging signals such as ssPurines and pal II were still present in the RNA (mutants SL4-01 to SL4-08; Supplementary Fig. 2 ). This allows us to propose a model where the full-length, unspliced, genomic RNA is preferentially packaged not only due to the presence of these cis-acting sequences, but also due to a structurally competent encapsidation sequence (i.e., a bifurcated SL4 comprising of pal II and ssPurines apical loops). The SL4 structure is disrupted during splicing, thereby limiting the ability of spliced RNAs to package into the nascently- Table 2 ) were introduced as constrains in the RNAstructure folding software (version 5.3; 40) . For the sake of clarity, only the SL4 domain of the resulting structures was drawn using the Assemble graphical tool [69] and presented here. The hSHAPE reactivity values from 0 to 2 or greater are indicated by a linear color scale from green to red. WT: wild type.
forming virus particles. Thus, in MMTV, a combination of both cis-acting sequences and structural elements are responsible for the recognition and differential packaging of the unspliced RNA during the encapsidation process. The case of human immunodeficiency virus type 1 (HIV-1) may somewhat be similar to MMTV: the 5ʹ UTR in HIV-1 implicated in RNA packaging folds into several stem loops, SL1-4 [39, 40] of which SL1 harbors a GC-rich 6-nt pal sequence in the form of a loop that has been shown to function as the DIS [41, 42] . Until recently SL3, which is present downstream of mSD, had been proposed to be the main HIV-1 packaging signal since it harbors a conserved region containing a GGAG tetraloop that has been shown to bind NC [43] . However, it has now been shown that SL1, in addition to containing the HIV-1 DIS, also harbors a single-stranded purine rich internal loop (ssPurine: GAGG) that acts as the main site for HIV-1 Gag binding during gRNA packaging [26, 30, 44, 45] . This internal ssPurine loop as well as the DIS, however, are located upstream of the mSD and therefore are part of both the spliced and unspliced viral mRNA. Thus, in the case of HIV-1, selection of the gRNA for packaging is likely to be dependent upon the higher order structure of the major packaging determinant of the gRNA which is disrupted upon splicing [26, 30, 44, 45] . In the case of HIV-2, even though both the spliced and unspliced viral mRNAs harbor RNA packaging sequences, only the unspliced message is packaged into nascently formed virus particle since HIV-2 Gag preferentially package gRNA in cis [46] [47] [48] .
Interestingly, in almost all retroviruses, sequences augmenting gRNA dimerization and packaging have been mapped nearly to the same 100 to 400 nucleotides in the 5ʹ region of the gRNA [5] [6] [7] [8] [9] [10] [11] [12] [13] , which also harbors the dimer linkage structure (DLS) [5, [7] [8] [9] [10] [11] [12] [13] . Based on our findings, it is reasonable to propose that the bifurcated SL4 in MMTV packaging signal RNA that contains phylogenetically-conserved pal II and ssPurines [25] functions as a major dimerization and packaging determinant during MMTV gRNA packaging process, during which pal II initiates gRNA dimerization and ssPurines functions as a potential Gag binding site for specific incorporation of the dimeric RNA into the newly forming virus particles. Thus, SL4 could interlink the process of dimerization with packaging both physically and mechanistically.
This observation lends support to the developing hypothesis that retroviral packaging determinants are dynamic in nature and require structural flexibility to allow successful recognition of the packaging substrate RNA that is most likely recognized as a dimer by the Gag proteins [5] [6] [7] 49] . Thus, packaging signals may act as 'structural switches' that favor either translation or dimerization/packaging of the gRNA, and also help the virus differentiate between spliced and unspliced viral RNAs. Several riboswitch models have been proposed for HIV-1 [50] [51] [52] [53] , and in the case of FIV, the existence of dual structures has been validated by SHAPE and RNA dimerization assays [54] . Flexibility in retroviral gRNA is created via long-range interactions that have now been observed in several retroviruses, from HIV-1, FIV, MLV, to MPMV and MMTV [6, 25, 26, 33, [55] [56] [57] [58] [59] . The DIS in one conformation is occluded by base pairing and not available for dimerization, thus earmarking this RNA for translation, while the DIS in the other conformation is available as an apical loop on a stem loop, thus allowing dimerization and packaging of the dimeric RNA [54] . In a similar manner, we propose that SL4 may be part of an RNA structural switch that may facilitate the ability of MMTV to convert its genomic RNA from a form that favors translation to a dimeric form that may act as a substrate for RNA packaging. Work is in progress to support this assertion experimentally in MMTV.
Material and methods
Genome nucleotide numbering system
The MMTV nucleotide numbering system refers to the nucleotide positions to HYBMTV, a molecular clone created by Shackleford and Varmus [60] .
Plasmid construction
The MMTV packaging construct, JA10, expresses the MMTV gag/pol genes under the transcriptional control of the human cytomegalovirus (hCMV) intron A promoter/ enhancer [23] [24] [25] ; Supplemental Figure 1 Several mutations, including deletions and substitutions were introduced in sub-genomic transfer vector (DA024) within the sequences involved in forming SL4 (Supplementary Fig. 2; Figures 1-2 ) through splice overlap extension (SOE) polymerase chain reaction (PCR), as previously described [24, 25] . Briefly, SOE PCR required two separate rounds of amplifications. Round 1 PCR reactions in our case involved two independent PCRs, A and B in which PCR (A) was performed using the universal outer (sense; S) primer OTR 249 along with the inner antisense (AS) primer that varied for different mutant clones (Supplemental Table 1 ) so that a desired mutation could be introduced. In PCR (B), the AS outer primer OTR 552 was used along with the inner S primer which again varied for different mutant clones (Supplemental Table 1 ). Amplified products from PCRs A and B (containing overlapping complementary sequences allowing them to anneal and function as a template) were used as target for amplification in round 2 PCR using S and AS outer primers (OTR 249/OTR 552; Supplemental Table 1) to generate a final amplified product harboring the desired mutations. To introduce the MMTV sequences into the subgenomic transfer vector, the PCR-amplified mutant products were cleaved with SpeI restriction endonuclease and cloned into a similarly-digested wild type transfer vector, DA024. Such an approach resulted in substituting the wild type sequences with the PCR-amplified products harboring the desired mutations. All mutant clones were confirmed by DNA sequencing.
Nucleocytoplasmic fractionation, virion and RNA isolation, and cdna preparation
Following transfection, cultured cells were fractionated into nuclear and cytoplasmic fractions, as described previously [24, 25, 32, 57, 59, 62, 63] . Briefly, packaged viral RNA from the pelleted viral particles and cellular RNAs from the cytoplasmic fractions were isolated using Trizol and Trizol LS reagents (Invitrogen), respectively. RNA samples were treated with TURBO™ DNase (Invitrogen) and amplified for 30 cycles by conventional PCR using vector-specific primers OTR 671(S) or and OTR 672 (AS; Supplemental Table 1 ) employing PCR conditions described previously [25] . Following confirmation by PCR that no detectable amount of contaminating plasmid DNA was present in RNA samples, the DNase-treated RNAs were converted into cDNAs and tested to establish the amplifiability of cDNA preparations through PCR. Integrity of the nuclear membrane during the fractionation process was established by amplifying cDNAs prepared from the cytoplasmic fraction in multiplex PCR using oligos OTR 582(S) and OTR 581 (AS; Supplemental Table 1 ) which should only amplify unspliced β-actin mRNA. Additionally, as an ancillary control for the presence of amplifiable cDNA in the multiplex PCRs, cDNAs were also amplified using primers/ competimer for 18S ribosomal RNA (18S Quantum competimer control, Ambion). Finally, to ascertain the stability as well as proper nuclear export of mutant transfer vector RNAs, cytoplasmic cDNA preparations were amplified using MMTV-specific vector primer pair OTR 671/ OTR 672 (Supplemental Table 1 ).
Real time quantitative RT-PCR (RT-qPCR) of transfer vector RNA
To quantitate the relative levels of transfer vector RNAs expressed in the cytoplasm and subsequently packaged into the viral particles, a custom-made Taqman gene expression assay (Applied Biosystems Inc., ABI) was developed, as described previously [24, 25] . This assay uses β-actin (human β-actin endogenous control assay, ABI #4326315E) as an endogenous control for qPCR. Briefly, this assay employed a FAM/MGB-labeled probe along with primers within the U5 region, a region common to the wild type and all mutant transfer vector RNAs and away from the site of the mutations analyzed. Although this region is upstream of the major splice donor of MMTV, there are no known splice acceptor sites in the wild type as well as mutant transfer vectors, including the SV-Hyg r cassette, thereby preventing the generation of any spliced RNAs.
Once the RT-qPCR assay was conducted on both the cytoplasmic and viral cDNA samples, the RPE for each mutant was determined by dividing the packaged mutant viral RNA relative quantification (RQ) values by the luciferase-normalized cytoplasmic expression of the respective mutant (to take into account the varying transfection efficiencies of the different constructs). Finally, the results of RNA packaging of all the mutants were presented relative to that of the wild type (DA024) construct. 4.5. High throughput selective 2ʹ-hydroxyl acylation analyzed by primer extension (hSHAPE) methodology hSHAPE experiments [64] [65] [66] were performed on in vitro transcribed RNAs corresponding to nucleotides 1 to 713 using benzoyl cyanide (BzCN) and following the protocol described previously [25, 33, 57] . Briefly, RNAs were modified in a buffer favoring gRNA dimerization (50 mM sodium cacodylate (pH 7.5), 300 mM KCl and 5 mM MgCl 2 ) in the presence of 2 µg total yeast tRNA (Sigma Aldrich). The modified RNAs were reverse transcribed using AS primers OTRs 9 and 10: (5ʹ AACAGATTTGGCTTCTGCGG 3ʹ; MMTV nt 614-633) labelled with VIC or NED, respectively. These primers allowed analysis of the RNA structure from approximately nucleotide 560 to 100. The primer extension products were loaded onto an Applied Biosystems 3130xl genetic analyzer and the electropherograms were analyzed with the QuShape software [67] . The hSHAPE reactivities obtained with QuShape from three independent experiments were highly reproducible. These reactivities were averaged (Supplemental Table 2 ) before being used as constraints to fold the RNA secondary structure of the MMTV packaging signal with the RNAstructure software version 5.3 [68] to determine the effects of mutations on the overall higher order structure. Based on the RNAstructure data, the SL4 sub-region of WT and mutants RNAs were drawn using the Assemble graphical tool [69] .
4.6. In silico analysis of MMTV packaging signal RNA secondary structure
The secondary structure of the 5ʹ region of the MMTV gRNA of the wild type, DA024, (containing the region between R and the first 120 nt of gag; a total of 432 nt of the 5ʹ end of the genome from R) and mutant MMTV genomes were folded using MFold [34, 35] to correlate the effects of the introduced mutations in SL4 on the overall packaging signal RNA secondary structure and establish structure-function relationship of this region during MMTV RNA packaging.
Statistical analysis
For quantitation and determination of statistically significant differences in relative packaging efficiencies between the wild type and mutant clones, the standard paired, two-tailed Students t-test was performed. A P-value of 0.05 was considered to be significant.
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